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TESTS ON STIFFENED. CIRCULAR CYLIEDERS

- By Marshall Holt

[

SUMMARY

Conpressive toste were mede of two series of Btiff—~
al load. A1l .
vhe shells were 16 inches in diameter by 24 inches in

ened circular cyvlindrical shells under axi

length and were rade of alumirum~alloy sheet curved to tnq

proper radius and welded with one lonzxitudinal weld, The
ratios of diameter to thickness of shell wall ia the two
series of specimens were 258 and 572. Strairs wvere meas~

ured with Husggenberger tensonmeters at a numbsr of gage _
lines on the stiffeners aznd shell. The test results are
discussed in the 1ight of published informatiqp_qq@p?e

subject.

The results of these tests indicate %

hat a spacing

of circumferential stiffeners equal to 0.57 times the ra-—
wall apprecia—
bly. The results are not inclusive enouch to show the ép—
timum in stiffener size and spacing for longitudinal stiff—
eners. Plain cylinders witahout stiffeners developed ulti-
mate strengths anvwroximately half as great as the bucklinp

dius is too sreat to strengthen the shell

strengths computed by the equation resulting from the
cilassical theorvy and slightly greater than those computed

by Donmelll!s large deflection theory.
' IH?RODUGTION

In lightweight construction, especial
and marine structures, it is quite comron
framework covered by a thin metallic sheet.

1y in airc;aft
to use a stlff
Under sgervi

loads the thin sheet and the frame act as a unit, The
condition of the design mav require either that the shee?

retain its originsl curvature or degree of

ce

initial flat—-

ness or that the sheet be allowed to develop elastic.
wrinlkles thus throwing rost of the load onto the frame,

at least causing a redistrivution of stres

s. Several

or

artiocles in the therature 23 ve analvses of -the action of
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seminonocoque structures under certain loading conditions.
(See references 1 to 10.)

Inasruch as a stiffened crlinder is statically inde-~
terninate to a high dezree under certain conditions, any
analytical study should be checked br tests of representa~-
tive gtructures usirg the leocading conditions treated in
the analysis., A4s part of a progran of study of the strength
and the stadbility of thin-~shest consbtruction, tests were
undertalken by the Aluminur Researcha Laboratories for the
study of the distridbution of stress in thin-wall sbtruc-
tures. Stiffened flat sheet as well as stiffened circular
evlinders were subjected %o various loading conditions.
The results of bending %testg on st;xfened flat shoeet are
digcussed in reference 1l.

SPESIMENS AND METEOD OF TEST

The svecimens used in the tesbts discussed herein were
stiffensd cylindrical shells, 16 inches in diameter by 24
inches in lengthk. The shells were formed of Alcoa alloy
535—~T sheet (Navy Dept. Szecification 47412a) curved to
the proper radius and welded with one lonzitudinal weld,
In one set of specirmens, the wall. thickness was 0.062 inch
and, in a similar set, tiae wall thickness was Q. 028 4inch.
The specimens are shown.in the photographs of figures 1
and 2. The stiffeners were Formed from Alcoa alloy
52s-1/23 sheot (NWavy Devt: Specification 47ill6) of tae
game thickness as the snell wall and attached t¥ spot weld-
ing, The spots were spaced about 3/4 inch apart in the
0.062~inch shell and about 1/2 ‘inck apart :in tde 0.G28~
inch shell, This close spacing was used to mininmnize tae
probability of failures by itearing tae spots. Tiae cross
sections of the stiffeners and tre section elements are
shovn in figure 3.

The temsile properties of the materizls given in
table I are in accord with tae SpeclTicat ons for thesc
materialg,

The specimens with ‘stiffeners were subjected to test
at a number of stages in their fadbrication. For example,
specimen G, ghown in fizure 1 with eisght lorgitudinal
stiffoners, was first teosted with only four stifferors
spaced 90° apart, The second test was made after the next
set of four stiffeners had veon nttached, reducing the
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spacing to 45° (6.28 in. = 0.7S5R). The schedule of tests
for all thoe specimens is skown in table II and a descrip-—
tion of the specimens is given in %able IiI. A plain
cylinder of each thickness of ghezt was included for com-—
parison.

In these tests the specimens were carefully centered
in the testing machine, and measurements for strain were
made at a number of points spaced 3 inches apart orn sev—
eral lonsitudinal elements of the shells and on the stiff-
eners, The end zaze lines were l%—inches from the ends of
the specimens., The gage lines were located by a combina-
tion of a compass direction (E or W) and a number.

Thus, E6 is at the sectior 16% inches from the bottom on
the element toward the east as the specimen was viaced
in the testing machine.

Waile the specimens were Dbeing placed in the testing
machine, they were held circular by tight~fitting Fforms
with circular holes of proper diamebter accurately macained
in them. These forms were located at the extreme ends of
the specimen and clamped to the neads of the testing ma-—
chine, as shown in fizure 4. They were removed after a
small load had been applied to the specimen.

The strains were measured with Huggenberger tenson-
-eters using a g€age length of 1 inch. Mezsurements were
made for over—all shortening of the svecimen with dial
gages at the four corners of the bezaring plates. In all
the tests, readings were taken at a series of loads so _
that relations between the load and the stress or deflec—
tion could be determined. In the final test the speci~
mens were loaded to destruction.,

The tests were made in an Amsler testing machine of
300,000~pound maximum capacity using an intermediate load
ranie. In the case of the specimens with 0.028~inch wall,
the heads were equipped with.ball-~boaring svherical bseats
that have a known low resistance %o tinzing and turning.
Becauge the capacity of these heads was relatively low,
they could not be used in the tests on the specimens with
0.062—inch wall; & bearing with a plain sphorical seat
was therefore used at one end and a bearing fixed against
tipping and turning was used at the other end. :

Care wze talzen in all except the final test to avoid
overstL6551nq the .specimen and thus spoiling it Ior use
in the subseguent tests with: addltvonal stifieners,
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The ends of the specimens were carefully machined flat,
mutually parallel, and perpendicular to the axis of the
cylinder by turning the specinens on a speclal expansion
-2rbor in a lathe. ' ' '

RESULTS AND DISCUSSION

Because of the very lar3e amount of extensometer data
taken in these tests, only a few of the load-strese curves
fron specimen P are given., These are considered typ-
ical of the data for all toe specinens,

The load-stress curves For gase lines on two dlameb-
rically opposite elerents of specimen P with eight
gstiffeners are shown in fizure 5. Two sbraight lines are
shown with the data Ffor each zage line. The solid line
has been drawn to represert the data and the dash line
has been drawn to represent the averaje computed stress
(P/A) wusing the same origin ag the solid line. In Zen-
eral, the aZreement tetween the two lines 1s very good,
the maxinum variation for tae load of 144000 pounds beingy
900 pounds per square inck, or avout 1l percent.

A%t the inception of this investigation it was thought
that buckling of the gshell wall could ve detected by a de-—
rarture of the load-strain curves from a straight line
ard that with such a close spacing of the gage lines the
load—~strain curves would depart in alternate directions.
In other words, ‘it was thouzht that the gage lines wero
spaced closoly enough together so that alternate ones
wounld be on the corncave and the convex sides of the lon-
gitudinal element after the shell wall duckled. Thus,
the measured stress on one gage line would incrocase fast~
er than the average and the measured stress on the noxt
would increese loss rapidly then the average. I% is quite
apparent that no indication of buckling of the crlinders
ig given by these load-measured stress curves., In vlew
of the sudden failures that will be digcuesocd later, 1%
is possitle that this method of testing is not satisfac—
tory for determining the critical buckling load; that is,
for a specimen of these proportions the critical ducklirg
load and the ultinmeste load nay be the same value.

The specimpns after failure are shown in figures 1
and 2. All the crlinders with stiffeners failed suddenly.
In most cases collapse was sccomrpanied by a loud report.

o«
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In the case of dpecimens F and N, which had no stiffensrs,
failure was proceded by the Tormation and growth of a -
buckle in or adjacent to the longitudinal weld. Since
the longitudinal elements conbtaining the wolds were not
exactly sbtraisght, such a failure is not surprising. The
fallure of specimen K (fig. 1) is rather interesting in
that no diamond-shape duckles were formed but only a cir~
cular vulge at the middle stiffsener. T

From a comparison of the size of the buckles in the
various specimens, it avnpears that the spacings of the
stifferers were not such as to charge materially the size
of the wave; the znatureal wove pattern, however, 1s slight-
1y chnanged irn some cases. Since the buckle pattern is not
changed very much by the stiffeners, orly a 1ittle increase

Ain the critical duckling stress of ths shell wall would be

expected. In other words, the portions of the shell wall
between the stifferers could deform into duckles of the
same size and at about the same unlt stress as thoush
there were no gtiffeners at all.

Fhe nmaxinun conmpressive loads supported by the speci-
nens and the average stresses based on the total cross—
sectional area are shown in table IV. The wultinate
strengths of the cylinders with 90.062-inch walls are greabt-
er than the proportional 1linit of the material in the
stifferers but less than that of the nmaterianl in the shell
wall, The ultinate strengths of the cylinders with 0,028-
inch walls are all in the range of elastic stressos. A _
conparison of the unit strecsses at failure of-the stiffened
and unstiffened cylinders indicates that the lonzitudinal
stiffeners alone brousht about an increase in strength
(P/A stress) from 17 to 27 percont over the unstiffencd

crlinder, Theo .offcctivenéss of the circumferential stiffen- =~

ers 1s not definite. In the case of the cylinders with
0.062~inech walls, the circunferential. stiffeners slone pro-
duced nn increase in gstrength from 5 to° 15 percent over '
the strength of the uanastiffened cylinder ond, when used

in conjunction with the longitudinal stiffeners, there was
no lnerease in strensth over that of the cylinders with
only longitudinal stiffeners. In the case of the cyline-
ders with 0.028~inrch walls the reverse is true; the cir-
cunferential stiffeners alone produced no benefit dut, in
conjunction with the longitudinal stirffeners, there was

an -increase in gtrensgth from 12 to 19 percent over thnat

for the longitudinal stiffeners alone. Comparisons of
the load-weizht ratios (maximum load divided by the weight
of the specimen) give this same confused picture of the
benefit of circular stiffeners. Undoudbtedly, the relative
proportions of the cvlinders and the stiffeners are faoctors
influoncing this comvarison.
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In referonce 9 it ig stated "IFf the l'coerficient!

d/r > 350, +thc load can be resisted by the plating alono
and the siringers discarded (ard put into the plating).
Tho term d signifies the conmpressive load in pounds por
inch of.perinmeter and r is the radius of thec eylinder
in inchos. The foregolng condition can be transforned by
congidering thoe total load P instead of tho unit load
ds then it beconas

P > 250 (2mr®)
or
P > 2200 pr2

For thesoe cylinders with ~n radius of 8 inches the limiting
value of P ‘isg 141,000 pounds. This value indicates thetl,
according to reference 9, these specimons would e expeci-
oed to be stronger vith stiffeners (as-dpuilt) than similar
ungtiffened cylinders of the sane radius and weisght (in~
creased wall thickness).

Thisg statement will be investigatcd in the following
manner. The equation of the theoretically correct form
for puckling strensgsths of circular eylinders is:

Z ] ' g
= KE - . (1)
in which

P/A averafe conmpressive stress at duckling
of shell wall, pounds per sgquare inch-

K - coefficient  depending on the accuracy of
' fabricating eylinders and on tosting
technigue -

E modulus of elasticlty, pounds per square
inch

t' thicknoss of shell wall, inches

r radius of-—curvature of tho shell wall,
inches

The curve shown in fisure 6 wns drawn in accordance
with this equation with X chosen to approximate the
test results from spccimens F and N. The value of K
for this curve was found to be 0.3. Now, an unstiffcned
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eylinder of the same materianl and with the sane radius

and welght as specimen H would have a wall thickness
equal to 0.,0975 inch and a ratio of radius to wall thick=
ness equal to 82. The cross~secitional areas would -be the
sane and the corresponding maxinmum load on the unstiffened
cylinder would be about 156,000 pounds., From this resul’d
it eppears that a plain cylinder stronger than specimen E
could be nmade by inereasing the wall thickness by an amount
such that the weights of the two specimens were equal,

This 1s contrary to the conclusion quoted from reference S,

Since the stiffeners on specimen H are relatively
heavy, it may be posgible to make o stronger specimen dy
using twlce as many stiffeners, each one-half the size of
those on specimen H, Whether the strength of such a
specimen would exceed 156,000 pounds could be determined
only by o test on such a specimen. This sane 1lo%ic ap-
plied to specimen @ indicates that a vlain cylinder of
the sane welght would have an ultinate strength of about
27,600 pounds, This value reprosents an increase of aboutb
12 percent ovér the strength of specimen Q. The general
rule quoted from reference 9 is not in agreément with these
test results., It seems quite apparent that greater
strengths could be obtained if the material in the circunw-
ferential stiffoners werec redistributed so as to make the
wall thicker.

The freatest load-weizht ratios were obtained from
the cylinders with only longitudinal stiffeners, dut it
appears that even hisher ratios could be odbtained dy re-
distributing the material in the stiffeners., For naxinun
strength-weight ratios, these few test. results do not an-
swer the guestion as to whether the material in the stif-
feners can besgt be used in a larger nunber of smaller
stiffeners or in increasing the wall thickness,

Reference 4 describes tests on specimens made of
curved sheets with ratios of radius of curvature to thick-
ness of sheet (r/t) ranging from 430 %o 4060, In the
discussion of the test results it is pointed out that the
specimensg with small values of r/t failed suddenly with
Practically no indication of elastic buckling, just as did
the specimens described in this report. The specimens with
the larger wvalues of r/t indicated elastic buckling and
values of effeéctive width of sheet wore determined. The
following equation is ziven for determining the critical
buckling stress:
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Ogp = 5B 73)2 + 0,3E (—f;) ' (2)
in which
Oap critical buéklin% stress, pounds per
square inch
w width of panel petweon longitudinal

gstiffeners

Equation (2) for critical stress is a combination of
equation (1) for unstiffoned cylinders and a tern involv~
ing the spacing of longitudinal stiffeners.* For tho casgo
of & cylinder with n longitudinal stiffeners coch of the
widtk kr, )

w = gg; = kr ' (3)

The. equaftion for eritical stress can be writton as:

: nt - 3 b
Op = 58 ;28— 4 052 & (22)
mr ~ ankr r
at
=0.38 2 |1 + 16.67 (-2 -—] ' (2v)
- Tl T m - nk/ T |

It can be seen from cquation (2b) that the inérease in
critical stress which might be expected from the stiffen~
ers is a function of the ratio of the wall thicknoss to
tho radius and of the nunber of stiffencors, that 1s, the
spacing, ‘In the case of the cylindere with 0,028-inch
walls and eight stiffencrs this equation reduces to

%
Oop = 04%E = (1.134) | (2¢)

* .
The use of the valué of 0,3 for K in equation (1) and the

appearance of the term 0.3 t/r in equation (2) 1s a co-
incideénce resuliting from the fact that many Investizgators
have found that this value represents the stroagth of un-—
stiffened cylinders as determined by the careful testing
of well-fabricated specimens,
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Thus, one should expect the buckling strength of speci-
mens P and Q to be about 13 percent sreater -than that
of specimen N. Tho ultimato strongths of specimens P .
and Q, which may or may not be a %oo0d indication of the
buckling strongths for specimoens of these proportions, are
18 and 21 porcent gzreator them that of specimen N.

The curvoe giving the strengths of unstinened cvlin—
ders as saown in figurec 6 and approximating the tost re-
-8ults from spcecimens F ond - N is just adbout one-half
a8 high os the curve obtained from the classical duckling
theory of thin cylindors. This theory is ropresecnted by
the equation for critical buckling stress (see refprence

12):
Et R _omt . N
Opp = 22 —t T = 0.612 2% (4)
<oT /-3(1 - u®) ¥
where B is Polsson's ratio, takon as 1/3 and the othor
terms have beea previously deflned - R -

The 1mrve~de lection theory for .the ouckllnﬂ stren’th
of thin cylinders developed dy L. E. Donnell in refercnce
13 leads .to the oguation .

~7

ot |H

cY

L L A

_(5)

£
1 0.004 =
7

where Y is tho yield strength of $the material in pounds
ber sguare inch,

The strengths of specimens F and ¥ pre conputed
by equation (5) to -be 21,400 and 9,500 pounds per square
inch, rospectively. The strongths developsd in the teosts
are 22 +140 and 10,830 pounds por sguare inch or 3 and 15
perc»nt gsreater than conputed valuos

CONCLUSIONS

Fronm the test data and disduésion preéonted in this
report, the following conclusions have been drawn?
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1. The svacing of the circumferential stiffeners
(0.67 times radius) was too zreat to obtaln any appreci=
able strenﬂthenin” of the shell wall when subgected to

axial compregslve loads.

2. Although the specimens with longitudinal stiffen-
ers developed a Sreater compressive stren3th than the sin-
ilar unstiffened shells, a consideration of the relatlion
between the strength and the proportions of the shell in-
dicates that a still Zreater strength conld be odtained b
redistributing the maeterial in the stiffeners so as to in-
crease the thickness of the shell wall. It is not possi-
ble to determine the optimum stiffener size and spacrnv
from these few tests.

%, There was no indication of buckling of the shell
wall prior to collapse of-_the stiffened svecimens under
aexial compressive load.

4, The compressive strengths of the two unstiffened
cylinders were just about half as 3reat as those predicted
by the classical dbuckling theory of cylinders. In other
worde, 1t appears that the strength of well-made end care-
fully tested thin~wall cyxlinders may be calculated by the
formula

Ogp = 0.3E

o |k

where

E modulus of elmsticity, vnounds per sguare
inch

t thickness of shell wall, inches

r radius of eylinder, inches .

5. #he large-deflection theory <iven by Donnell
gives conputed strengths slishtly lower than these test
results.

Aluninum Resesarch Ladoratories,
Aluninum Company of America,
New Kensington, Pa., December 4, 1940.
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TABLE I. TENSILE PROPERTIES OF MATERTALS USED IN STIFFENED CYLINDERS

Standerd hslf-inch wide tensile specimen useq®
Stress-strain relations determined with:

‘2-inch Martens extensometer on 0.028-inch sheset; 2-inch Ewing extensometer on Q.082-inch sheet

Thick~|With grain, W [Tensile Tield Propor- Elonga~-
ness or strength strength tional tion
Material Alley across grain, X (offeet 0.2} limit in 2
percent) p| inches
(in.) (1b/eq in}|(1b/eq in.){(1b/sq in.) |(percent)
Shell of specimens  [C525-T  0.062 W 39,560 | 35,300 28,000 13.0
F to M : X 39,440 | 34,500 28,000 12.0
Stiffesere of specimens|%52s-1/2H| .08 X 56,990 | 28,600 18,000 12.0
Ftow
Shell of specimens 535D .0373 ] 38,250 34,500 22,000 10.5
Ftoy X 28,180 | 33,900 22,000 10.0
Stiffeners of specimens|352s-1/2H| .0272 X 36,900 | 28,200 20,000 10.0
NtoU

®Standard tension-test specimens for sheet metals as shown by figure 2 of "Tentative Methods of Ten-
sion Testing of Metallie Materials (ZB-40%)," Supp. to A.S.T.M. Standards, Part I, 1940.
bhetermined by method explained by I
Det rmina tlon and Significance of the
A.5.7.%., Part II, 1929.

. Tuckerman in discussion of R. L. Templin's paper on "The
Dy

roportional Lirlt in the Testing of Metals,“ Proceedings
chminal;camposition: 0.7 percent §i, 1.3 percent Mg, 0.25 percent @r, remainder Al. W¥avy Dept.
Specification 47412a.

Nominel composition: 2.5 percent Mg, 0.26 perceht Cr, remeinder Al. Navy Dept. Specification
47A11b. _

T
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TABLE II. SCHEDULE OF TESTS ON STIFFENED CYLINDERS
(Tosts made at various stages of conmpletion)
Specimen First test Second test Third test
F No stiffeners | = -~—=-=--- —_— ] e
G end H 4 longitudinsl 8§ longitudinal | = @ ——=——a-w-
stiffeaers stiffeners
J snd X 1 circumferential 3 circumferential circumferential
stiffener stiffeners stiffeners
L and M 1 circumferential 3 circumferential circumfefentisl
and and and
4 longitudinal 4 longitudinel longitudinal
stiffeners stiffeners stiffeners
N No stiffeners | = =—~==—==~=- | s me———
P and Q 4 longitudinal 8 longitudinal ———————
stiffeners stiffeners
R and S 1l circumferential 3 circumferential circumferential
stiffener stiffeners stiffeners
T and U 1l circumferentisal 2 circumferential circumferential
and and and
4 longitudinal 4 longitudinal longitudinal
stiffeners stiffeners stiffeners
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TABLE III, DESCRIPTION OF STIFFENED CYLINDERS

(Outside diameter of shell, 16 in.; lensth, 24 in.)

Thicik- First test Second test . Third test
ness . :
Spec- | of ¥eight | Crozs- |Weight | Cross- |Weight | Cross-
imen shell sectional sectional sectional
wall, ¢ area area area
(in.) (1b) | (sq in.) | ¢(3B) |{sq in.) | (1b) |(sq in.)
T 0.0615 7.325 | 3.153 S [ — VR I
G .0620 9.448 | 4.088 11.61 5.000 - -
B .0615 9.412 | 4.054 11.5% 4.985 _— —————
J L0620 8.505 | 2.150 11.06 3.150 (13.61 2.150
X .0618 8.410 | 3.150 10. 64 3.150 |12.84 3.150
I .0617 [10.520 | 4.056 12.72 4.056 |17.03 4,997
M .0620 [10.435 | 4.056 12.99 4.056 |17.62 4.997
N .0279 3.222 | 1.421 [emeee | mmmee fmmeee | e
P .0285 3.978 | 1.716 4.535 1.958 |~ece= | cmee-
Q .0280 | 3.922 | 1.689 4.480 1.928 | ——mm- S
R .0285 3.717 | 1.425 4.340 1.425 4.925 1.425
s .0285 | 3.698| 1.425 4.280 | 1.425 | 4.900 | 1.425
T .0277 4.169 | 1.702 4.760 1.702 5.955 1.945
U .0285 4.250 | 1.702 4.862 1.702 6,010 1.945
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TABLE IV. RESULTS OF COMPRESSIVE TESTS ON

STIFFENED CYLINDZIRS

(Load anplied axially)

1 2 3 4 5 6 7
‘Length Thick~ | Weight Area, A | Maximum Ultimate
Spec~ ness : load, P |strength, P/A
imen (in.) (in.) (1b) (sq in.)| (1b) (1b/sq in.)
Thickness of shell wall; 0.062 inch

F 22-21/32 | 0.0615 7.33 3.153 69, 200 22,140

¢ 23-15/16 .0620 | 11.61 5.000 129, 800 25,960

H 23-7/e .0815 | 11.55 4,985 138,200 28,000

J 23-13/16 .0620 | 13.61 3,150 80,100 25,460

X 23-7/8 .0618 | 12.e4 3.150 73,200 23,200

L 22-3/4 ..0617 17.03 4,997 122,500 26, 600

M 23-27/32 .0620 | 17.62 4.997 | 130,000 26,000

Thickness of shell wall, 0.828 inch

N 23-21/32 | 0.0279 | 3.32 1.431 | 15,500 10, 830

P 23-7/8 .0285 4.54 1.958 25,750 13,150

Q 23-29/32 .0280 4.48 1.922 24,675 12,770

R 23-13/16 .0285 4.93 1.425 14,950 10,450

S 23-13/16 .0285 4.90 1.425 13,850 8,700
P 23-7/8 .0277 5.96 1.945 28, 600 14,700
U 23-7/8 .02€5 6.01 1.945 29,600 15,200
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Stiffener Cl — q T
_.__._l . ?3" .
it
Y
— —},__,o.osa-
Kominal | Measured
Area, 8q in. . 246 0.247
Weight, 1b /It 0.284 0.286
, 1D, 0.418 0.426
, in.% 0.023 0.20
f————1-9/.
21 /2" +|+-3 /4" —-|-1/‘2."
Stiffener D EY
—= m*ﬁ"ﬁ
0.028"
Nominal | Measured
Ares, .sql in. 0.070 0.060
Weight, 1b /ff 0.080 0.072
y 18. 0.170 -
v 1. 0.0017 0.00113

Figurs 4.— Betup for fest with axial compressive load on
gtiffened oylinder. (Hsade with ball-bearing
apherioal seats shown).
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Figure 6.- Comprossivs strength of unstitfened cylinders of 538-T aluminum alloy
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